Lee K, Saidel GM, Penn MS. Permeability change of arterial endothelium is an age-dependent function of lesion size in apolipoprotein E-null mice. Am J Physiol Heart Circ Physiol 295: H2273-H2279, 2008. First published October 3, 2008 doi:10.1152/ajpheart.00242.2008The remodeling process of the arterial wall in atherosclerosis involves intimal thickening, which can be related to the barrier functions of the endothelial cell layer (ECL) and internal elastic lamina (IEL) using horseradish peroxidase (HRP) as a tracer. To evaluate the ECL and IEL permeabilities (P ECL and PIEL, respectively) and intimal transport parameters, e.g., apparent HRP velocity (V I) and diffusivity, we compared simulations with a mathematical model to experimental data. In this study, we injected HRP into the vein of apolipoprotein E-null mice and measured HRP concentration profiles in lesioned areas of aortas. Lesion size was characterized by lower, middle, and upper ranges of the intimal/medial thickness (␦ I/␦M): 0 Ͻ ␦I/␦M Յ 0.5, 0.5 Ͻ ␦ I/␦M Յ 1.0, and ␦I/␦M Ͼ 1.0. The PECL (in micrometers per minute) of 5-mo-old mice in the middle range (0.98 Ϯ 0.14) was significantly greater than that in the lower range (0.21 Ϯ 0.03) but not significantly different from mice in the upper range (0.99 Ϯ 0.55). The P ECL of 12-mo-old mice increased significantly with the relative intimal thickness: 0.27 Ϯ 0.04 in the lower range, 1.12 Ϯ 0.15 in the middle range, and 1.74 Ϯ 0.24 in the upper range. In both age groups, V I (in micrometers per minute) increased significantly from lower to upper ranges of intimal thickness. However, P IEL did not change significantly with relative intimal thickness and age. In the upper range of intimal thickness, P ECL and VI were significantly greater in 12-mo-old mice than in 5-mo-old mice. These data indicate an interaction between lesion growth and aging that leads to progressive loss in the integrity of the endothelial barrier function. Furthermore, the IEL is not a significant barrier between the intima and tunica media in the atherosclerotic process. atherosclerosis; arterial wall transport; endothelial cell layer; intima THE ATHEROSCLEROTIC PROCESS is characterized by vascular remodeling that leads to flow-limiting stenoses and vascular thrombosis. The endothelial cell layer (ECL) regulates plasmaborne macromolecular entry into artery wall, as well as modulates paracrine communication between the endothelium and smooth muscle cells of the tunica media. Advanced lesion development in the arterial wall is associated with the abnormal accumulation of macromolecules in the arterial intima, oxidation of the low-density lipoprotein (LDL) particles, inflammation, and smooth muscle cell migration (9, 14, 24) . We have demonstrated that this accumulation precedes lesion development (as indicated by the absence of intimal thickening). At least part of the accumulation is associated with a decrease in the internal elastic lamina (IEL) permeability (P IEL ) with no change in ECL permeability (P ECL ) (11). Although P ECL changes may not occur during atherogenesis, P ECL changes following lesion development could potentially induce physiological and pathological changes, further altering the normal homeostasis of the artery (26). Potential changes in the endothelium include a decrease in the integrity of the endothelial barrier function, allowing easier macromolecular transport into arterial intima.
THE ATHEROSCLEROTIC PROCESS is characterized by vascular remodeling that leads to flow-limiting stenoses and vascular thrombosis. The endothelial cell layer (ECL) regulates plasmaborne macromolecular entry into artery wall, as well as modulates paracrine communication between the endothelium and smooth muscle cells of the tunica media. Advanced lesion development in the arterial wall is associated with the abnormal accumulation of macromolecules in the arterial intima, oxidation of the low-density lipoprotein (LDL) particles, inflammation, and smooth muscle cell migration (9, 14, 24) . We have demonstrated that this accumulation precedes lesion development (as indicated by the absence of intimal thickening). At least part of the accumulation is associated with a decrease in the internal elastic lamina (IEL) permeability (P IEL ) with no change in ECL permeability (P ECL ) (11) . Although P ECL changes may not occur during atherogenesis, P ECL changes following lesion development could potentially induce physiological and pathological changes, further altering the normal homeostasis of the artery (26) . Potential changes in the endothelium include a decrease in the integrity of the endothelial barrier function, allowing easier macromolecular transport into arterial intima.
Experimental studies, however, have not demonstrated any frank loss of endothelium during the development of fatty lesions (7) . Changes in P ECL have been studied experimentally in pathogenesis including inflammation and development of atherosclerosis (2, 17) as well as theoretically with transport models (3, 5, 32) . These studies, however, did not consider P ECL changes with intimal thickening or age, which are important for characterizing the atherosclerotic process. In previous studies, we analyzed the arterial wall transport of horseradish peroxidase (HRP) (12, 22) and found changes in P ECL and P IEL over time following endotoxemia (23) and chronic hypertension (21) . We did not, however, investigate the effect of atherosclerotic lesions on P ECL and P IEL . In this study, we quantify P ECL and P IEL as functions of age and lesion size (as characterized by relative intimal thickness) in the apolipoprotein (apo)E-null mouse model of atherosclerosis. Transmural HRP concentration profiles across lesioned arteries are analyzed using computer simulations of a mathematical model with HRP transport processes. This study quantifies age-related changes in transport parameters that characterize barrier functions of atherosclerotic lesion growth.
METHODS

Experimental Studies
Animal studies. The Animal Research Committee approved all animal protocols, and all animals were housed in the Association for Accreditation of Laboratory Animal Care animal facility of the Cleveland Clinic Foundation. The male apoE-null mice (Jackson Laboratories, Bar Harbor, ME), ages 5 (n ϭ 10) and 12 (n ϭ 12) mo, were anesthetized with 0.1 ml of a solution consisting of 1 mg ketamine HCl (100 mg/ml), 0.3 mg xylazine (20 mg/ml), and 1.5 ml saline. We injected 0.1 ml HRP (10 mg/ml) via a jugular vein (cannulated with polyethylene-10 tubing) to produce an initial HRP concentration of about 1 mg/ml in the plasma. The age-matched C57BL/6 mice [5-(n ϭ 11) and 12-(n ϭ 8) mo old] were used as a control. After a circulation time of either 15 or 30 min, blood was sampled two or three times from a cardiac puncture.
Plasma HRP concentration. Blood samples were immediately centrifuged (16,000 rpm) to get plasma from which the HRP concen-tration could be determined by measuring the colored reaction product of o-dianicidine and H 2O2 as a substrate for peroxidase reaction (1) .
Tissue sample preparation. Either 15 or 30 min after HRP injection, tissue samples from the ascending thoracic, descending thoracis, and abdominal aorta were collected as described previously (11, 12, 19, 22) . Briefly, ice-cold PBS was injected into the left ventricle, which was followed by perfusion of 10 ml of 2.5% ice-cold glutaraldehyde. After 5 min, the aorta was removed, put into 2.5% ice-cold glutaraldehyde during 4 h, and washed for 30 min with PBS and then with distilled water. Tissue samples were placed in 3,3Ј-diaminobenzidine and H 2O2 in imidazole buffer (0.1N; pH 7.6) for 30 min. The tissue was washed with PBS, serially dehydrated with graded ethanol solutions up to 95%, embedded with paraffin, and serially sectioned into 5-m widths using rotary microtome.
Lesion size classification. The thicknesses of intima (␦ I) and of media (␦M) were measured in the tissue sample with a microruler adjusted with either 63ϫ or 100ϫ magnification, depending on the size of the cross-sectioned tissue images. Tissue samples with lesion were divided into three ranges based on the ratio of intima to media thickness: lower (0 Ͻ ␦ I/␦M Յ 0.5), middle (0.5 Ͻ ␦I/␦M Յ 1.0), and upper (␦I/␦M Ͼ 1.0). From 10 5-mo-old mice, the number of tissue samples in the lower, middle, and upper ranges of relative intimal thickness was 32, 34, and 27, respectively. From 12 12-mo-old mice, the number of tissue samples in the lower, middle, and upper ranges of relative intimal thickness was 27, 24, and 61, respectively. Representative tissue images from lesion areas of apoE-null mice from different ␦ I/␦M ranges and age subgroups are shown in Fig. 1, A-F. HRP concentration in tissue. Black-and-white tissue images obtained by light microscopy produced a gray scale intensity related to HRP concentration in tissue. The sections and images obtained for analysis were randomly selected. From each animal, sections and specific areas were selected by taking the first microscopic region seen from the first section identified on each slide. The HRP reaction product in the tissue was quantified by relative gray scale (RGS) with the background image subtracted. The processing of these images was accomplished with high spatial resolution and implemented by Matlab (MathWorks). We measured HRP in the intima and media to make it compatible for analysis by mathematical modeling. The normal intimal to medial thickness (␦ I/␦M) is Ͻ0.05; therefore, we defined a lesion as the intimal thickness being at least 10% of the medial thickness (␦ I/␦M Ͼ 0.1). In the intima, HRP was measured at five points spatially distributed between the ECL and the IEL; in the media, HRP was measured at 10 points spatially distributed from the IEL to the adventitia. In thickened intima, we changed images without exclusions from RGS to binary black-white. Extracellular HRP was distinguished by excluding the spaces occupied by macrophage foam cells. In the media, HRP was determined in each tissue sample by an average of four randomly selected rectangular sections that exclude elastin layers.
To convert the HRP data from RGS of tissue images to extracellular HRP concentration, we obtained distinct calibration curves for the intima and media using fresh aorta of four 8-mo-old apoE-null mice. The tissue was sectioned into 8 to 10 cylindrical rings. The sections were placed in a solution of albumin (4 g/100 ml) in PBS with a known HRP concentration and incubated on a slow shaking plate for 24 h before fixation in 2.5% glutaraldehyde. From the calibration curve with three ranges on intimal thickness, HRP concentration (in milligrams per bulk fluid) in tissue space was calculated relative to free fluid space in the interstitium based on a standard volume fraction. In the intima, the image processing was designed to quantify spatially irregular HRP profiles because of foam cell formation.
Data Analysis
Radial and circumferential HRP gradients. To find a dominant direction of transport in thickened intima, we measured the radial (x direction) and circumferential (y direction) intimal HRP concentrations and their gradients from the digitized tissue images. Radial and circumferential directions correspond to perpendicular and tangential directions relative to the endothelial surface, respectively. The intimal space was divided into a matrix of rows and columns. To maintain the actual distances, the space occupied by foam cells was included. The number of pixels in the radial and circumferential directions as indicated by matrix row (r) and column (c) depended on the intimal size for lower, middle, and upper ranges. In the radial direction, the intimal length (in micrometers) varied from 1.9 to 96.1; in the circumferential direction, it varied from 7.9 to 135.7. Therefore, the number of pixels representing the intima in the radial direction varied from 24 to 850; in the circumferential direction, it varied from 102 to 1,200.
The HRP concentrations in both the radial and circumferential direction were scaled by the initial HRP concentration in plasma, C* ϭ C I/Cp0. Furthermore, the intimal HRP concentration in each matrix row or column was divided by the maximum concentration /m ϭ ␣zj ϩ ␤, where j represents a node in the row or column. For each tissue sample, the slope ␣ was determined by least-squares estimation for each row and column of the matrix and a mean value of the slopes of the rows and columns was computed.
Volume distribution coefficient. To characterize spaces in which the HRP is freely transportable in the arterial wall, we indirectly measured the volume distribution coefficients in intima (ε I) and media (εM), which is defined as the ratio of HRP concentration based on total tissue volume to HRP concentration based on free fluid space volume: ε j ϭ C * j /Cj (j ϭ I, M). First, we assumed that such volume distribution coefficients measured in the rat (23) were the same as in normal C57BL/6 mice. Second, RGS from light absorption is linearly related to HRP concentration in tissue: C * j ϭ ␥[RGS]j. Finally, we combined this information with Cj determined from the calibration curves to obtain εj.
Mathematical Model
HRP concentration profiles in the intima and the media are analyzed at several times after HRP injection. Tissue spaces including intima and media, separated by IEL, are surrounded by luminal plasma and adventitia (Fig. 2) . The HRP concentration in the plasma decreases exponentially with time (12):
We assume that this also describes the HRP concentration in the adventitia. In the intima, the HRP concentration CI(x,t) changes with position and time is determined by convective and diffusive transport processes as well as degradation:
where D I is the diffusion coefficient, VI is the apparent velocity, and Kd is the degradation coefficient. The HRP transport flux is continuous across the ECL and IEL boundaries of the intima. The HRP flux across the ECL barrier between lumen and intima, which is proportional to the HRP concentration difference, equals the total flux by convection and diffusion into the intima:
The HRP flux across the IEL barrier between intima and media, which is proportional to the HRP concentration difference, equals the total flux by convection and diffusion into media:
In the media, excluding elastin layers, HRP transport is determined primarily by diffusion rather than convection because of the IEL barrier (22) . HRP concentration C M(x,t) changes also by degradation:
where D M is the diffusion coefficient in media. The HRP flux is continuous across the IEL between intima to media: Fig. 2 . Tissue sample and model system diagram. HRP concentrations in the intima and media region change with time and in the radial direction (x) from endothelial cell layer to internal elastic lamina (IEL) to adventitia. Intimal and medial HRP concentration were divided into 5 and 10 equally spaced regions, respectively. Exp, experimental. VE and VI, endothelial and intimal velocity, respectively; PE, PA, AND PIEL, permeability coefficient of the endothelium and adventitia, and IEL permeability, respectively; DI and DM, diffusivity coefficient in intima and media, respectively; CM, CI, CP, and CP0, concentrations in media and intima and plasma and initial concentrations, respectively; Kd, degradation coefficient.
and between adventitia and media
where P A is the permeability coefficient in the adventitia.
To simulate the HRP concentration dynamics for comparison with experimental data, the model is solved numerically. The spatial derivatives are discretized using DSS/2, a well-developed code (27) to produce in initial-value problem. The resulting equations were integrated with LSODES, a robust sparse-stiff integration algorithm (10) .
Estimation of model parameters. P A, DM, and Kd were set to values corresponding to those in previous studies (11, 12) . The values of PECL and PIEL, VI and DI, and HRP plasma time constant (t0) and initial concentration (Cp0) were estimated by least-squares fitting of the model-simulated output concentrations to experimental concentration data (11, (21) (22) (23) ). An adaptive, nonlinear optimization algorithm NL2SOL (4) was applied to obtain the mean and SD of the parameter estimates. To assess difference in mean parameter values between groups, we applied a two-tail t-test, assuming that all the measured concentration profiles were independent. The null hypothesis that the means of parameter values of any two groups were not statically different was rejected by the criterion P Ͻ 0.05.
RESULTS
Tissue Characteristics of the Intima
The extent of an atherosclerotic lesion in each 
HRP Concentration Gradients in the Intima
The relative HRP concentration in the arterial wall, as indicated in Fig. 1 by the darkness on a RGS, was determined in younger and older mice in three ranges of relative intimal thickness (␦ I /␦ M ). Within the intima, the HRP concentration is not homogeneous and appears greatest at the luminal boundary. Associated with a larger intimal thickness are more foam cells and extracellular matrix deposition. The spatial HRP concentration gradients for the ␦ I /␦ M ranges and animal age are compared in Fig. 3 . Regardless of ␦ I /␦ M and age, radial transport is significantly greater than circumferential transport.
Model Parameter Estimates
The values of key model parameters were determined by least-squares estimation. For younger and older mice, the characteristic plasma decay times, t 1/2 ϭ 29 and 35 min, respectively, were not statistically different (P Ͼ 0.1). Based on arterial tissue samples from younger and older mice, optimal estimates of the model parameters were obtained for the three ranges of ␦ I /␦ M . Estimated values of the P ECL , V I and D I , and P IEL are listed in Table 2 . With the optimal parameter values, model outputs simulated closely the averaged experimental HRP concentrations in younger and older mice independent of ␦ I /␦ M (Fig. 4) .
These data demonstrate that the P ECL and P IEL do not increase between 5 and 12 mo of age (Table 2) ; furthermore, these data demonstrate that only at a lesion thickness of ␦ I /␦ M Ͼ 0.5 does the endothelium exhibit an increase in endothelial cell permeability. However, at a ␦ I /␦ M Ͼ 0.5, the endothelial and IEL barrier functions are severely compromised. These data further demonstrate that there is limited convective flux in the normal and ␦ I /␦ M Ͻ 0.5 animals, particularly in the younger animals, consistent with integrity in the ECL barrier function (22, 23) .
DISCUSSION
Model Analysis of Arterial Wall Barriers
Lesion development and growth is a dynamic process that has significant ramifications for arterial remodeling (8, 30) and clinical outcomes (9, 25 ). An unstable, thickened intimal lesion can be easily ruptured. When flow-(13) or pressured vessel (31)-mediated stress on the lesion becomes sufficiently large, it induces plaque ruptures, which leads to myocardial infarction and stroke. One potential process that contributes to the growth of lesions and/or the pathological features is the movement of blood-borne molecules (e.g., LDL) into and across the diseased intima. Therefore, to understand how the development of lesions alters molecular movement, it is necessary to quantify how P ECL and P IEL change in lesions.
Previously, mathematical modeling was applied to analyze ECL properties under different conditions. Weinbaum et al. (32) examined the effect of cell turnover and leaky junctions of endothelium for macromolecular transport. According to their model, opening of the intercellular junctions due to dying or regenerating cells in the turnover process could account for increase in P ECL . This model was validated experimentally by Data are means Ϯ SD; n ϭ 10 and 12 mice for 5-and 12-mo-old groups, respectively; ns ϭ 32, 34, and 27 tissue samples for lower, middle, and upper ranges of 5-mo-old group, respectively, and ns ϭ 27, 24, and 61 tissue samples for lower, middle, and upper ranges of 12-mo-old group, respectively. These values were used in model simulation and parameter estimation. ␦I, ␦IEL, ␦M, thickness of intima, internal elastic lamina (IEL), and media, respectively; apoE, apolipoprotein E.
Lin et al. (15) . Studies by Fry et al. (6) showed that intimalmedial uptake of tracers vary greatly with time and position (from ductus scar to abdominal celiac) between normocholesterolemic minipigs and hypercholesterolemic cohorts. Their finding demonstrated that the likely site for the development of atheromatous plaques is associated with increased endothelial permeability. With previous model analyses and available data, however, P ECL and P IEL changes with lesion development and aging could not be determined.
More recently, new methods with higher spatial resolution were used to quantify transmural concentration profiles (20) . With high-resolution data, mathematical modeling can lead to evaluation of both P ECL and P IEL . Consequently, these permeabilities can be quantified in the apoE-null mice in both lesioned and nonlesioned areas from in vivo experiments. In the aorta before lesion development in apoE-null mice (11), P ECL did not change as a function of age. However, P IEL decreased in advance of lesion development in apoE-null mice but not in control wild-type C57BL/6 mice. This decrease in P IEL could lead to abnormal blood-borne macromolecule accumulation in the intima followed by LDL oxidation and inflammation (28, 29) .
Tissue Characteristics Associated with Atherosclerotic Lesion
Lesions incorporate more deposited lipid and cellular infiltration induced by macrophages. Optical imaging of the arterial wall in cross section permits quantitative distinctions between areas accessible to HRP and those not. In younger (5 mo old) and older (12 mo old) apoE-null mice, the atherosclerotic lesion in each tissue sample was characterized by ␦ I /␦ M in lower (0 Ͻ ␦ I /␦ M Յ 0.5), middle (0.5 Ͻ ␦ I /␦ M Յ 1.0), and upper (␦ I /␦ M Ͼ 1.0) ranges. The fraction of the tissue space available to HRP was also evaluated in intima (ε I ) and media (ε M ). In the lesioned intima, ε I decreased 35% from lower to upper ranges of ␦ I /␦ M , but ε M do not change with ␦ I /␦ M . This decrease in the intima could indicate that the rate of foam cell formation and lipid deposition following LDL oxidation and inflammation is much faster than that of structural remodeling. Either blood-borne macromolecule accumulation or smooth muscle cell migration in the intima can augment lesion size. During lesion development, although medial thickness decreased on the average at ␦ I /␦ M Ͼ 1.0 in both ages, neither ε M nor ␦ M changed significantly (Table 1) . These results indicate minimal remodeling of the tunica media despite significant changes in the intima, at least during the time period studied in the mouse.
Modeling Arterial Tissue Changes During Lesion Development
As demonstrated with prelesion arterial tissue (12), estimates of P ECL and P IEL can be obtained by comparing modelsimulated and experimental HRP concentrations in the intima and through the media. This study goes further by quantifying P ECL and P IEL in arterial tissue during lesion development in which intimal thickness becomes significant. Based on HRP concentration distribution in intima as well as in the media, simulation and analysis with a mathematical model can be applied to evaluate P ECL and P IEL with thickened intima. The model incorporates the transport and degradation process in both intima and media in the radial direction. To justify the Data are means Ϯ SD. PECL and PIEL, endothelial cell layer and IEL permeabilities, respectively; DI, diffusivity coefficient in intima; VI, intimal velocity. *P Ͻ 0.01 from lower range in 5-mo-old mice; †P Ͻ 0.05 from middle range in 5-mo-old mice; ‡P Ͻ 0.01 from lower and middle ranges in 12-mo-old mice; §P Ͻ 0.05 from upper range in 5-mo-old mice.
modeling of processes in the radial direction only, we analyzed the relative importance of intimal transport in radial and circumferential directions by examining HRP concentration gradients in these directions. Since the data show that concentration gradients were significantly greater in the radial direction normal to the endothelial surface for all ranges of relative intimal thickness, ␦ I /␦ M (Fig. 3) , only changes in that direction needed to be modeled.
With previous mathematical models (11, 12) , transport barriers were analyzed of the prelesion arterial wall. In general, such models incorporate diffusion, convection, and degradation processes, but under some conditions convection may not play an important role (21) . In the presence of LPS-induced endothelial cell injury, however, convective transport increased HRP accumulation in the intima and media (19) . For this study of transport through thickened intima and media, P ECL changes accompanied by endothelial cell injury can cause increased convection associated with a unidirectional pressure-driven solvent drag. Therefore, model analysis for application after lesion development included convective transport of HRP, which contributes to a HRP concentration gradient in the thickened intima.
Effects of Lesion Development and Aging on Transport Parameters
The transport parameters that are most effected by lesion develop associated with intima thickening are the HRP permeabilities (P ECL and P IEL ), D I , and V I . The values of these parameters in younger and older mice and in three ranges of intimal thickness (Table 2) were obtained by optimal fitting of model-simulated HRP concentration distributions to corresponding experimental data (Fig. 4) . These optimal parameter estimates show some significant changes with age and relative intimal thickness.
We demonstrate that P ECL increases in the presence of atherosclerotic lesions; however, it is interesting to note that P ECL did not increase significantly above wild-type control until the lesions grew to at least 50% of the thickness of the medial layer. These data would suggest some level of normal vascular function in the setting of atherogenesis and may suggest that aggressive intervention at this point of lesion development could be of greatest benefit.
As shown in Fig. 4 , medial accumulation of HRP after a 30-min circulation is greater on the average than the accumulation after 15 min regardless of age and relative intimal thickness. This medial increase could result from the pressuredriven convection (V I ) across the intima as well as from increased P IEL . Meyer et al. (16) reported that pressure-induced stretching of the arterial wall is a major determinant of arterial mass transport and pressure-driven convection accentuates LDL accumulation in the inner media. Indeed, V I increases with ␦ I /␦ M especially in the older mice (Table 2 ). In the upper range of intimal thickness, the younger group has a lower V I , which may indicate more ability to reconstitute an ECL barrier as indicated by a lower P ECL (Table 2 ). In the absence of thickened intima, the estimated P ECL values of this study correspond to P ECL values with LDL tracers (18) .
Although the P IEL shows an increasing trend with ␦ I /␦ M in younger mice, it shows a decreasing trend in older mice. These trends, however, are not statistically significant. The increase in P IEL with aging in the low ␦ I /␦ M group corresponds to the P IEL increase obtained previously in lesion-free areas (without intimal thickening) in 5-mo-old apoE-null mice (11) . These results are consistent with the concept that IEL remodeling occurs at different ages and at different rates depending on the progression of atherosclerosis.
Conclusion
Our study quantifies the concept that atherosclerosis involves continuous pathological remodeling of the ECL and IEL and that lesion growth beyond 50% of the width of the medial cell layer is associated with progressive changes in the barrier functions of distinct layers within the arterial wall.
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